The effect of dissolved oxygen concentrations on the rate of biological oxidation of sulfide and elemental sulfur by the A-type sulfur-turf was examined. The rate of sulfide oxidation markedly increased concomitant with the increase in dissolved oxygen. Accompanying the sulfide oxidation, elemental sulfur was formed only a few minutes after the addition of hydrogen sulfide to the culture medium at a dissolved oxygen concentration of about 6 ppm. The catalase test of the A-type sulfur-turf was negative. As hydrogen peroxide is a very reactive intermediate inevitably accompanying the biological reduction of oxygen to water, it is probable that hydrogen sulfide was oxidized by hydrogen peroxide. Consequently, these results could be explained if the production of hydrogen peroxide was more active under oxic than the microoxic conditions. On the other hand, the rate of the elemental sulfur oxidation was suppressed both at low (0.2 ppm) and at high (3 to 6 ppm) dissolved oxygen concentrations. The optimum was about 1.5 ppm (Fig. 5) . Therefore, it was concluded that the elemental sulfur oxidation by the A-type sulfur-turf was a microaerophilic reaction. Due to the continuous supply of anoxic water from a hot spring source, dissolved oxygen concentrations of the effluents where the A-type sulfur-turf occurred were kept under 1 ppm (1). Accordingly, at these low concentrations of dissolved oxygen, it seems likely that the oxidation of elemental sulfur was maximized, while the production of toxic hydrogen peroxide was minimized. These assumptions are sufficient to account for the preference of the A-type sulfur-turf for the microoxic habitat.
The effect of dissolved oxygen concentrations on the rate of biological oxidation of sulfide and elemental sulfur by the A-type sulfur-turf was examined. The rate of sulfide oxidation markedly increased concomitant with the increase in dissolved oxygen. Accompanying the sulfide oxidation, elemental sulfur was formed only a few minutes after the addition of hydrogen sulfide to the culture medium at a dissolved oxygen concentration of about 6 ppm. The catalase test of the A-type sulfur-turf was negative. As hydrogen peroxide is a very reactive intermediate inevitably accompanying the biological reduction of oxygen to water, it is probable that hydrogen sulfide was oxidized by hydrogen peroxide. Consequently, these results could be explained if the production of hydrogen peroxide was more active under oxic than the microoxic conditions. On the other hand, the rate of the elemental sulfur oxidation was suppressed both at low (0.2 ppm) and at high (3 to 6 ppm) dissolved oxygen concentrations. The optimum was about 1.5 ppm (Fig. 5) . Therefore, it was concluded that the elemental sulfur oxidation by the A-type sulfur-turf was a microaerophilic reaction. Due to the continuous supply of anoxic water from a hot spring source, dissolved oxygen concentrations of the effluents where the A-type sulfur-turf occurred were kept under 1 ppm (1) . Accordingly, at these low concentrations of dissolved oxygen, it seems likely that the oxidation of elemental sulfur was maximized, while the production of toxic hydrogen peroxide was minimized. These assumptions are sufficient to account for the preference of the A-type sulfur-turf for the microoxic habitat.
Sulfur-turf is a filamentous aggregate of sulfur-oxidizing bacteria which has a turf-like appearance because of the adherence of many elemental sulfur particles. Based on the main bacterial component, it has been grouped into three types (A, B, and C) (2) . The A-type sulfur-turf consists mainly of sausage-shaped bacteria (1) which belong to a group of so-called "gradient bacteria" (3) being classified as aerobic sulfur-oxidizing bacteria.
In order to utilize sulfide and free oxygen simultaneously, the gradient bacteria, such as Beggiatoa, Thioploca, and Thiovulum, live in zones where sulfide and free oxygen coexist. In the natural environment, the dissolved oxygen concentrations in these zones are only a few percent of those in zones saturated with air (4-6). These microoxic (very low oxygen concentration; 7) conditions are also observed in the habitat of the A-type sulfur-turf, and we have already shown that the dissolved oxygen concentration determines the distribution of the A-type sulfur-turf (1) .
It has been proposed that these low oxygen concentrations in the habiat of the gradient bacteria are a secondary consequence of the fact that they cannot grow under high oxygen concentrations. Namely, hydrogen sulfide, on which the gradient bacteria specifically depend, is very unstable in the presence of excess free oxygen (8) . In addition, as reported for Beggiatoa (9, 10) , the gradient bacteria may lack sufficient activity of catalase to deal with large amounts of hydrogen peroxide which is a very toxic intermediate of the reduction of oxygen to water (11) (12) (13) . On the contrary, there are reports which show active preference for a microoxic habitat by the gradient bacteria. For example, Beggiatoa migrates rapidly to a microoxic environment avoiding excess oxygen (14) (15) (16) . As for the A-type sulfur-turf, even though it requires an environment where sulfide and free oxygen coexist (1), it has not been found in hot spring effluents where the dissolved oxygen concentrations are over 1 ppm (1) . This indicates that the A-type sulfur-turf may prefer a microoxic habitat in a fashion similar to the Beggiatoa and that there should be physiological factors responsible for this microoxic preference. This study was designed to investigate the effect of dissolved oxygen concentrations on the rates of sulfide and elemental sulfur oxidation by the A-type sulfur-turf. It was found that the rate of sulfide oxidation increased concomitant with the increase in dissolved oxygen; however, the elemental sulfur oxidation was suppressed both at low and at high dissolved oxygen concentrations.
MATERIALS AND METHODS
Pre-experimental preparation, batch culture system, media, and culture conditions. Detailed descriptions of these methods were given in the preceding paper (17) ; however, in order to regulate the dissolved oxygen concentration, the batch culture system was provided with a tank (20-1) for mixing gases.
Regulation of dissolved oxygen concentration. The dissolved oxygen concentration was regulated by changing the partial pressure of oxygen in the gas mixture which was supplied to the upper space of the culture vessels. In the sulfide oxidation experiment, nitrogen gas and air were mixed. Table 1 shows the ratio of nitrogen versus air, the oxygen partial pressure, and dissolved oxygen concentrations in the culture medium. In the elemental sulfur oxidation experiment, carbon dioxide, nitrogen, and oxygen were mixed. The partial pressure of carbon dioxide was kept constant at 0.03%, and both oxygen and nitrogen were regulated so as to make oxygen partial pressures that were 0.5% (0.2 ppm of dissolved oxygen), 3 % (0.8 ppm), 5 % (1.5 ppm), and 1000 (3 ppm), respectively. Each of these four low-oxygen conditions was matched with a high-oxygen control (6 ppm of dissolved oxygen) which was ventilated with air.
In order to attain equilibrium, the gas mixture or air was bubbled into the culture medium for 60 min at a rate of 500 ml/min, then, supplementally, the upper space (800 ml) of the culture vessel was ventilated for approximately 30 min. During all experimental runs, this ventilation was continued. Dissolved oxygen concentrations of the culture medium were measured just before the start of each experimental run using a dissolved-oxygen meter (YSI model 57).
Sulfide and elemental sulfur oxidation. The methods of these two experiments were described in detail in the preceding paper (17); however, the final concentration of sulfide in the culture medium was reduced to between 10 and 12 ppm. The temperature of the culture medium was kept at 50 + 1 °C.
Chemical analysis. The determination of sulfide concentrations in the culture medium was the same as that described in the preceding paper (17) .
Catalase test. A drop of the suspension of the A-type sulfur-turf which was prepared in the same way as the inocula (17) was mixed with a drop of 3 % hydrogen peroxide on a slide and then examined for bubbles (18) .
Rate of sulfide decrease. The sulfide decrease in the culture medium was approximated by a regression line, and the slope was defined as the rate of sulfide decrease. Rate of elemental sulfur formation. The time required to detect the milky cloudiness after the addition of hydrogen sulfide solution to the culture medium was measured, and 100 times the reciprocal of this time was defined as the relative rate of elemental sulfur formation.
Rate of elemental sulfur oxidation. The decrease in pH of the culture medium containing the A-type sulfur-turf was measured. As shown in Fig, 1 , the curve of the pH decrease formed a shoulder between pH 7 and 6. The flat part at the beginning of the shoulder was approximated by a regression line for the low-oxygen vessel and also for the high-oxygen control. The ratio of the two slopes of these regression lines (low-oxygen vessel versus high-oxygen control) was defined as the relative rate of elemental sulfur oxidation.
RESULTS
Effect of dissolved oxygen concentrations on the rate of sulfide oxidation It was confirmed that the sulfide in the culture medium decreased almost linearly with time, and furthermore, that the sulfide decreased more rapidly at higher dissolved oxygen concentrations (Fig. 2) . Accompanying this sulfide decrease, fine particles of elemental sulfur were formed resulting in a milky cloudiness of the medium. Table 2 shows the time of the appearance of the milky cloudiness after the addition of the hydrogen sulfide solution to the culture medium; it also shows the relative rate of elemental sulfur formation. At 0.1 ppm of dissolved The bold curve indicates the pH decrease in the medium which was continuously exposed to a low-oxygen gas mixture ( ) or to air (----; high-oxygen control). The straight (
) and the broken (---) lines indicate regression lines of the low-oxygen and high-oxygen (control) conditions, respectively. As shown in Fig. 3 , the rates of both the sulfide decrease and the elemental sulfur formation increased concomitant with the increase in the dissolved oxygen concentrations. The relative rate of the elemental sulfur formation was unchanged Fig. 3 . The effect of dissolved oxygen concentrations on the rate of sulfide decrease and the relative rate of elemental sulfur formation.
The rate of sulfide decrease (0) was estimated by a regression line which approximated the sulfide decrease in the culture medium. The relative rate of elemental sulfur formation (/) was 100-fold of the reciprocal of the elapsed time (T) before the appearance of milky cloudiness in the culture medium. Effect of dissolved oxygen concentrations on the rate of elemental sulfur oxidation Accompanying the oxidation of elemental sulfur by the A-type sulfur-turf, it has been shown that the pH of the culture medium decreases stepwise (17) . The shoulder which was formed between pH 7 and 6 was confirmed repeatedly. Figure 4 shows the decrease in pH of the medium for the four dissolved oxygen concentrations: 0.2 (A), 0.8 (B), 1.5 (C), and 3 (D) ppm. For all of these low-oxygen conditions, the initial level of the pH was nearly 8 and decreased steeply to about 7 which was the starting point of the shoulder. From the initial pH level to the beginning of the shoulder, the steepness of the pH decrease was similar for all four low-oxygen conditions and also for the high-oxygen controls. In contrast, the slope at the beginning of the shoulder differed markedly for each oxygen condition. At 0.2 ppm of dissolved oxygen (A), the pH decreased very slowly and the shoulder was not formed. However, the decrease in pH was accelerated by the increase in dissolved oxygen concentration (B), and at 1.5 ppm of dissolved oxygen (C), the pH decreased most rapidly and the shoulder could not be detected. The shoulder was formed again at a concentration of 3 ppm (D). Although the oxygen conditions of all of the control vessels which were ventilated with air were the same, some differences in the slopes at the beginning of the shoulder were detected.
As shown in Fig. 5 , the relative rates of elemental sulfur oxidation in the culture medium were suppressed both at high (3 to 6 ppm) and at low (0.2 ppm) dissolved oxygen concentrations and the maximum occurred at a dissolved oxygen concentration of 1.5 ppm. The rate at 1.5 ppm was about seven times greater than that at either 0.2 or 6 ppm.
Catalase test
The catalase test of the A-type sulfur-turf was negative.
DISCUSSION
Effect of dissolved oxygen concentrations on the oxidation of sulfide It has been shown that most of the decrease in sulfide is due to biological oxidation by the A-type sulfur-turf (17) . As shown in Fig. 3 , it is clear that the sulfide in the culture medium was oxidized to elemental sulfur. Furthermore, the reaction rate increased accompanying the increase in the dissolved oxygen concentration.
A rapid elemental sulfur deposition by Beggiatoa after an addition of hydrogen sulfide to their culture medium has been reported by several authors (10, 19, 20) . Due to the rapid nature of the elemental sulfur deposition and the absence of the enzyme catalase (9,10), it has been argued that hydrogen sulfide reacts with peroxide produced in the cell and detoxifies it as a catalase substitute (10, 20, 21) . As shown in this experiment, the A-type sulfur-turf formed elemental sulfur very rapidly and the catalase test was negative. Catalase is generally regarded as the primary defense against hydrogen peroxide generation (22) . In this regard, hydrogen peroxide seems a more reasonable oxidizing agent of sulfide than dissolved free oxygen for the A-type sulfur-turf.
When the sulfide reacted with hydrogen peroxide, why was the formation of elemental sulfur accelerated by the increase in dissolved oxygen? NELSON and CASTENHOLZ have proposed that the anaerobic condition "-would provide some protection against peroxide or peroxides production" (10) . If we interpret this as suggesting that the more oxic the condition, the more peroxide that is produced, the following explanation is possible. Namely, the greater the production of peroxide, the more actively the hydrogen sulfide is oxidized, resulting in a more rapid elemental sulfur formation. Hydrogen peroxide is an intermediate inevitably accompanying the biological reduction of oxygen to water (12, 13) . In line with the above discussion, it is possible to advance a hypothesis that the hydrogen peroxide would be produced more actively under oxic than microoxic conditions.
There have been few studies which have shown an increase in the production of hydrogen peroxide by bacterial cells under high-oxygen conditions. However, it has been demonstrated that anti-oxygen enzymes (superoxide dismutase, catalase, and peroxidase) in bacterial cells are elevated under high-oxygen conditions. In particular, ALLGOOD and PERKY showed that the catalase level increased with oxygenation for thermophiles (Thermus and Thermomicrobium) (23, 24) . This increase in the catalase level should result from a response to an increase in hydrogen peroxide production in the cell. The sausage-shaped bacteria which consist mainly of the A-type sulfur-turf are also thermophilec. Therefore, it is strongly expected Effect of 02 on Oxidation of Sulfur 399 that the hydrogen peroxide production was activated in response to the increase in dissolved oxygen.
Effect of dissolved oxygen concentrations on the rate of elemental sulfur oxidation It has been shown that the A-type sulfur-turf oxidizes elemental sulfur exclusively to thiosulfate between the initial pH level (about pH 8) and the end of the shoulder (pH 6) (17) . Therefore, the rate of pH decrease between the initial level to the end of the shoulder must indicate the rate of elemental sulfur oxidation to thiosulfate. As the differences in the curves were mainly due to the differences in the slopes at the beginning of the shoulder (Fig. 4) , these slopes were the most sensitive indicators of the rate of the elemental sulfur oxidation.
The main reason for the different slopes for the high-oxygen controls is probably the physiological differences resulting from the inocula being freshly prepared for each experimental run. Therefore, it is reasonable to compare these differences in the rate of pH decrease (elemental sulfur oxidation) by using the ratio between the two slopes: low-oxygen vessel versus high-oxygen control.
As shown in Fig. 5 , it is clear that the elemental sulfur oxidation proceeded most rapidly between 1 and 2 ppm of dissolved oxygen, and the oxidation was suppressed both at high (3 to 6 ppm) and at low (0.2 ppm) concentrations of dissolved oxygen. As a result, it was concluded that the elemental sulfur oxidation by the A-type sulfur-turf was a microaerophilic reaction.
There have been few reports on the effect of dissolved oxygen concentrations on the biological oxidation of elemental sulfur by the intact cells of sulfur-oxidizing bacteria. TAKAKUWA has reported that the growth of Thiobacillus thiooxidans is suppressed by high aeration, and semiaerobic conditions are favored (25, 26) . In addition, it has been shown that the sulfur-oxidizing systems of T, thiooxidans contain a very unstable fraction against free oxygen (26, 27) . These reports probably support the microaerophilic property of the elemental sulfur oxidation by the Atype sulfur-turf.
Implication of the effect of dissolved oxygen concentrations on sulfide and elemental sulfur oxidation for the A-type sulfur-turf in hot spring effluents
The oxygen concentrations in the effluents where the A-type sulfur-turf occurred were maintained under 1 ppm by a continuous supply of anoxic hot spring water from the source (1). This microoxic condition was probably favorable for the A-type sulfur-turf which lacks catalase activity, because the production of toxic hydrogen peroxide was likely minimized under these low levels of dissolved oxygen. Furthermore, the level of the dissolved oxygen of 1 ppm was nearly optimal for the elemental sulfur oxidation. This reaction was most probably an energy producing reaction for the A-type sulfur-turf. Consequently, both the minimal production of toxic hydrogen peroxide and the microaerophilic oxidation of elemental sulfur seem to be factors which constrain the A-type sulfur-turf to prefer a microoxic habitat.
